ABSTRACT: Arterial stiffness increases with age. This process is accelerated by end-stage renal disease (ESRD). Pulse wave velocity (PWV) increases with arterial stiffness. In this study, PWV of 133 healthy individuals (6 -23 y of age) and 11 patients on dialysis was measured to establish the normal values of PWV and to compare them with those in ESRD. Age-matched (A-C) and height-and weight-matched (H/W-C) control groups were used. Thereafter, PWV was indexed to height and the data were reevaluated. The role of the risk factors including serum calcium, phosphate, parathyroid hormone (PTH), and the time on dialysis was analyzed using a score system. PWV correlated with age, weight, height, blood pressure, and heart rate. ESRD patients were smaller than A-C and older than H/W-C. PWV of patients with ESRD did not differ from A-C; however, it was elevated in comparison to H/W-C. In both healthy and ESRD patients, the PWV/height ratio was independent of age. PWV/height was increased in ESRD. There was a correlation between PWV/height and the risk factor score. Controls matched for height and weight or PWV/height should be used in cases of growth failure. A number of risk factors responsible for increased arterial stiffness are present in ESRD. (Pediatr Res 63: 95-98, 2008) 
Patients with ESRD.
Eleven patients receiving maintenance dialysis participated in the study. The diagnoses leading to ESRD were (number of patients in parentheses): focal-segmental glomerulosclerosis (4), autosomal recessive polycystic kidney disease (2) , renal hypoplasia and vesicoureteral reflux (2) , chronic glomerulonephritis (1), Alport syndrome (1) , and juvenile nephronophthisis (1) . Four children were treated with peritoneal dialysis and seven with hemodialysis. Two patients had transplants previously, but returned to dialysis due to chronic rejection.
Eight children were treated with an angiotensin-converting enzyme (ACE) inhibitor, enalapril, and six with enalapril and a calcium channel blocker, amlodipine. They were normotensives on medication. Three patients had normal blood pressure without antihypertensive treatment.
Control population for PWV measurements. PWV was measured in 133 healthy children and young adults aged 6 -23 y (13.01 Ϯ 3.76 y). Using the database of the 133 healthy controls, two subgroups of children consisting of 11, respectively, were formed. One was adjusted to the patient's age and gender (children with date of birth closest to the patient's data were selected). The other was adjusted to the height, weight, and gender (children with height and weight closest to the patient's values were selected).
Furthermore, in search of a more universal technique of comparison, the effect of indexing PWV to height (m), weight (kg), and BSA (body surface area, m 2 ) was assessed. Control population for laboratory data. Leftover serum samples of 40 children evaluated for minor surgical interventions were used anonymously as control for Ca, P, creatinine, and PTH.
Basic characteristics of the patients and the control groups are shown in Table 1 .
PWV measurements. PWV is the speed of travel of the pulse along an arterial segment. Aortic PWV is defined as the distance of the sampling sites divided by the time difference between the rise delay of the distal and proximal pulse according to the R wave belonging to the ECG qRs complex.
PWV was measured by sequential recordings of the arterial pressure wave at the carotid and femoral arteries and by measurement of the distance from the carotid sampling site to the suprasternal notch and from the suprasternal notch to the femoral sampling site. Arterial pressure wave was recorded by applanation tonometry (11) using the validated PulsePen device (DiaTecne s.r.l., Milan, Italy) interfaced with a computer. The probe was connected to a hand-held ECG-unit. Both pressure and electrocardiographic signals were transmitted to a computer to be displayed and processed. The pulse wave was calibrated by measuring BP immediately before the recordings. The specially designed software provides absolute arterial pressure values, an assessment of arterial pulse wave contours, an estimation of reflection waves, and measurements of PWV (12) . We discarded recordings when the systolic or diastolic variability of consecutive waveforms was Ͼ10% or when the amplitude of the pulse wave signal was Ͻ80 mV.
Laboratory measurements. Ca, P, and creatinine were measured by routine laboratory methods on a Hitachi autoanalyzer. Intact (1-84) PTH (iPTH) was determined by immunochemiluminometric two-site assay (CIBA-CORNING, Fernwald, Germany). The reference range of the assay is 9 -60 pg/mL (13) .
Evaluation of the effect of ESRD. To characterize the impact of the persistent uremic environment-the "uremic burden" (UB)-we introduced a scoring system. High-normal serum calcium (Ca Ͼ2.2 mM), elevated serum phosphate (P Ͼ1.8 mM), PTH (Ͼ180 pg/mL), and the time on dialysis beyond 12 mo were scored as 1. Values below these limits were scored 0.
Statistical analysis. Data management was performed using the STATISTICA7.1. software (StatSoft, Inc., Tulsa, OK). All data are presented as mean (SD). Data were compared using t test. Linear and multiple linear regression analysis were performed for the assessment of possible associations between PWV and other variables. A p value Ͻ0.05 was considered statistically significant.
The study conformed to the Helsinki declaration and was approved by the Ethical Committee of the Semmelweis University. Parental informed consent was obtained from all healthy children in the control group and from the patients with ESRD participating in the study.
RESULTS

Healthy controls.
The mean PWV of the 133 healthy children (male: 60, female: 73) was 5.02 (0.89) m/s. There was a significant linear correlation between PWV and age, height, weight, and systolic and diastolic blood pressure and a significant negative correlation to the heart rate. Values of the individual correlations are shown in Table 2 .
By multivariate analysis, only age remained the significant determinant of PWV (Beta: 0.74, SE: 0.16, p Ͻ 0.0001).
Patients with ESRD. As shown in Table 1 , patients with ESRD were significantly shorter and lighter than the agematched controls. Further, they were significantly older than their height-and weight-matched healthy pairs.
The hemodynamic and laboratory parameters of the patient and the control groups are shown in Table 3 .
The PWV of the patients with ESRD did not differ significantly from the age-matched group. On the contrary, patients with ESRD had significantly increased PWV compared with the height/weight-matched control group.
There was no difference between the blood pressure (expressed as Z-score) and heart rate parameters of the patients with ESRD and either of the control groups.
Patients with ESRD had significantly elevated creatinine, lower calcium, and increased phosphate and iPTH compared with the controls.
There was no significant correlation between the PWV and any of the serum parameters measured.
Indexing PWV to weight or BSA did not suppress the age dependence of the indexed variables (r ϭ -0.55, p Ͻ 0.001, and r ϭ -0.41, p Ͻ 0.001, respectively). However, age dependence disappeared completely following indexing PWV to height (r ϭ 0.03, p ϭ NS).
Based on the novel parameter the PWV/height, the ESRD group differed significantly from both age-matched control (A-C) and height/weight matched control (H/W-C) groups as well as from the whole control group (ESRD: 4.02 Ϯ 0.75 1/s versus control: 3.27 Ϯ 0.49 1/s; p Ͻ 0.0001). There were no differences between the PWV/height values of the A-C and H/W-C groups ( Table 3) .
The individual values of Ca, P, PTH, and time on dialysis as well as PWV/height and the UB score are shown in Table 4 .
The PWV/height values of the group with one or two risk factors were significantly lower than those of patients with three or four risk factors (3.46 Ϯ 0.37 1/s versus 4.62 Ϯ 0.5 1/s; p Ͻ 0.01, respectively).
Furthermore, a significant correlation could be shown between PWV/height and the UB score expressed as the sum of the individual risk factors (r ϭ 0.61, p Ͻ 0.05) (Fig. 1) .
DISCUSSION
There is a continuous increase of PWV with age, due to geometric and structural changes of the vessel walls during growth and physiologic aging. This study confirmed the close correlation between PWV and age in children. Due to the close relation between age, height, and weight during growth, only age remained the independent variable correlating with PWV in healthy children (14) .
Uremia increases the risk of cardiovascular mortality due to accelerated arteriosclerosis (15) . The increase of PWV was established as a useful measure to characterize arterial stiffness in adult hypertension and ESRD (16 -18) .
As described recently, premature vascular calcification is already present in young patients with ESRD (19, 20) . It seemed obvious that arterial dysfunction in children with RRsy, systolic blood pressure; RRdia, diastolic blood pressure; HR, heart rate.
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ESRD could be reflected in the changes of PWV. However, our first analysis, i.e. when we used data of age-matched healthy children, presented only a weak tendency of increased PWV in uremia. At the same time, the analysis revealed that the patient group's body dimensions (weight and height) were significantly below those of the controls, due to the deleterious effect of uremia on growth (21) .
The use of controls matched by height or weight is a well-established necessity in pediatrics. Bone mineral density and blood pressure are examples where specific patient populations require a thoughtful selection of their control pairs rather than the automated use of age matched controls (22) (23) (24) (25) . Thus, using a height-and weight-matched control group, we did indeed find a significantly increased PWV in ESRD, whereas the other hemodynamic parameters did not differ significantly.
In the search of a universal measure of PWV in children, we found that indexing PWV to height provides a parameter independent of age. The PWV/height of the patients with ESRD differed significantly not only from the control group, but also from both special subgroups (i.e. from the age matched on one hand and the height and weight matched on the other).
Disturbed calcium and phosphate metabolism is among the main factors leading to vascular calcification in uremic adults (26 -28) and in children (29) .
Compared with healthy controls, our patients had significantly elevated creatinine, P, and PTH levels. To assess the relation between the UB and PWV/height, we established an arbitrary scoring system (the UB score) based on serum Ca, P, and PTH levels and the time spent on dialysis.
Although the choice of the score is arbitrary, the individual elements used are well-established factors of cardiovascular risk in adults as well as in children (19, 20, 30, 31) .
Using the scoring system, patients with one or two risk factors had significantly lower PWV/height values than those rating higher. There was also a significant correlation between PWV/height and scores of the individual patients.
The lack of direct correlation between those parameters and PWV or PWV/height might be explained by the small sample size and the cross-sectional nature of the present study: the snapshot of the individual parameters does not necessarily reflect the atherogenic burden inflicted during the long-lasting development of the end-stage renal disease.
As already mentioned, the small sample size and the crosssectional design of the study is a serious obstacle to a moredetailed analysis. As individual pediatric dialysis units have a limited number of patients compared with adult facilities, a multicenter prospective approach is needed to establish the biologic significance of the results presented.
A confounding factor influencing arterial stiffness and PWV might be the use of antihypertensive drugs. However, ACE inhibitors and vasodilators such as calcium channel blockers are known to decrease arterial stiffness and PWV via delayed return of the reflected wave from the periphery to the heart while decreasing its amplitude and systolic duration (32) (33) (34) . Thus, our patients had increased PWV despite the possible positive effect of antihypertensive treatment. A withdrawal of the antihypertensive drugs was not considered for ethical reasons. 
PULSE WAVE VELOCITY AND UREMIA
In conclusion, this study demonstrates increased PWV as a sign of increased arterial stiffness in children with ESRD. It also points out the necessity of the use of appropriate controls in special pediatric populations. Thus, controls matched for height and weight should be used in cases of growth failure. Indexing PWV to height (PWV/height) provides a universal parameter to circumvent the problem of growth retardation.
Children with more risk factors involving calcium and phosphate homeostasis have higher PWV/height, suggesting the role of disturbed calcium metabolism.
